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ABSTRACT
ZnO nanorods were grown up from as-deposited ZnO film on which the zinc self-catalysts
generated by a novel reducing method. Well aligned ZnO nanorods with a uniform high aspect
ratio were grown up on multi-annealed samples. The length of nanorods depended significantly
on the reaction time in the hydrothermal synthesis.
INTRODUCTION
ZnO has received a very high attention from different research groups around the world, owing
to its chemical, physical, and electrical properties. ZnO is an amphoteric material having a direct
wide band gap (3.37 eV), and high exciton binding energy (60 meV), and it can be prepared with
a good crystallinity [1,2]. Recently, ZnO nanostructures including nanorods, and nanowires have
been widely experimented to be used in dye sensitized solar cells [3], ZnO-polymer hybrid LEDs
[4], photo catalysts [5] and piezoelectric generators [6].
Various physical and chemical methods have been used to fabricate one-dimensional
arrays of ZnO nanostructures [7-10]. Some of physical methods, such as, chemical vapor
deposition [11], pulsed laser deposition [12] and molecular beam epitaxy [13] are less attractive,
comparing to chemical methods [8], due to the requirement of high temperature and vacuum
processes. Electrodeposition and hydrothermal synthesis are low cost ecofriendly chemical
fabrication methods [9,14]. However, the application of electrodeposition method is limited to
conductive substrates. Therefore, the hydrothermal synthesis has become one of most popular
synthetic methods for one-dimensional ZnO nanostructure fabrication [15].
Most of hydrothermal synthesis methods for ZnO nanostructure fabrication require
catalyst assistance [16]. Transition metals are commonly used as catalysts [17,18], and those
catalytic seeds contaminate nanostructures [19]. Up to date, there are a few reports for growing-
well arrayed ZnO nanostructures with a catalyst free or self-catalyst growth method. In this work,
a novel self-catalyst growth hydrothermal method for arrayed ZnO nanorod fabrication is
demonstrated. The obtained nanorods were fabricated on a transparent conductive oxide glass
substrate are expected to be used as the photo-anodes of dye sensitized solar cells (DSSCs) in
future experiments.
EXPERIMENTAL DETAILS
Double layered ZnO films (150nm/25nm) were deposited on Indium-Tin-Oxide (ITO)
glass substrates using a conventional 13.56 MHz radio frequency (RF) magnetron sputtering
system. The RF power of the system was 180 W. A 4-inch ZnO (99.999%) ceramic target was
located on a cathode 60 mm distance from a substrate stage. The sputtering chamber was
evacuated up to about 6×10−5 Pa with the aid of a turbo molecular pump. The substrate was
preheated to 150 ˚C for 20 min prior to deposition, and the substrate temperature was maintained
during the deposition process. The deposition process of ZnO buffer layer (25 nm) was carried
out in a mixture of Ar(g) and O2(g). The mass flow rates of Ar(g) and O2(g) were 30 and 10 (sccm),
respectively. The deposition process of ZnO thin film was carried out in Ar(g) ambient (30 sccm).
For the whole deposition process, the working pressure was maintained at 7 Pa.
Thereafter, the ZnO thin films deposited ITO glass substrates were subjected to a single
or multiple reducing annealing process. In single annealing process, samples were annealed in a
forming gas ambient (1.9 % H2(g) in N2(g)). The temperature of the furnace was maintained at 300
˚C for 2 hours and then elevated gradually to 400 ˚C in 5 minutes and then maintained for
another 2 hours. In multiple reducing annealing process, the first step of annealing was the same
as the single annealing process. In the second step, the ambient was changed to O2(g) and samples
were maintained in the ambient for 2 hours, then samples were restored in a forming gas again
(1.9 % H2(g) in N2(g)) for 2 hours whilst maintaining the temperature at 400 ˚C. Prior to each
ambient transition step, N2(g)was purged through the furnace due to safety reasons.
After annealing, samples were placed in a hydrothermal synthesis bath containing a 12.5
mM aqueous solution of Zn(NO3)2.6H2O and hexamethylenetetramine (C6H12N4, HMTA) at 95
˚C. The hydrothermal synthesis procedure was continued for 40 hours, and the solution was
replenished after each 4 hours.
A field emission scanning electron microscope (FE-SEM) system (JEOL-JSM7400F)
was used to characterize the surface morphology of ZnO films and ZnO nanostructures. Optical
transmittance spectra of ZnO films or ZnO nanostructures deposited on ITO glass substrates
were recorded by a (Hitachi U-4100) spectrophotometer. X-ray diffraction patterns of ZnO films
and nanorods were recorded by using a Rigaku ATX-G X-ray diffractometer.
DISCUSSIONS
Zinc self-catalyst preparation
Fig. 1 (1a), (1b) shows the top and cross sectional FE-SEM images of a ZnO film
deposited on ITO glass. These FE-SEM images indicate that a uniform ZnO thin film was
deposited on ITO glass. Fig. 1(2) and (3) shows the (a) top view and (b) cross sectional FE-SEM
images of ZnO films after being subjected to single or multiple reducing annealing process.
In the annealing process, ZnO film reacts with H2(g); the increased temperature promotes
the rate of the reaction given below [7].
ZnO(s) + H2(g) → Zn(s) + H2O(l)
Zn(s) metal nuclei formed by the reducing annealing can serve as the self-catalysts in the
hydrothermal synthesis process. In our previous studies, we have found that ZnO nano nuclei
could be grown by both single and multiple reducing annealing method [7], and these ZnO nuclei
could serve as self-catalysts for ZnO nanorods further grown in a hydrothermal synthesis process.
After the reducing-annealing process, the formation of self-catalyst seeds could be examined in
the SEM images. In this study, the reducing annealing processes were optimized to generate self-
catalyst appropriate to be used for hydrothermal growth method.
Figure 1 (a) Top view and (b) cross sectional FE-SEM images of (1) as deposited (2) singled
annealed (3) multi annealed ZnO films
Hydrothermal synthesis
In the hydrothermal synthesis process, ZnO nanorods were grown on the annealed ZnO
films. Fig. 2 (a), (b) and (c) shows the cross section FE-SEM images and the diameter
distribution of single, or multiple reducing-annealed samples after hydrothermal synthesis. ZnO
nanorods can be grown up on self-catalyst nuclei generated by either single or multiple reducing-
annealed samples. ZnO nanorods obtained from the multiple reducing-annealed samples showed
higher uniformity with better alignment and high aspect ratio. This can be attributed to the well
aligned nanorods type self-catalyst nuclei [20] generated by the multiple reducing annealing
process. However, the uniformity of nanorods in single reducing annealed sample was poor and
had not a good alignment. Therefore, the multiple reducing annealed-hydrothermally grown
sample is more suitable to be used as the photo anode of DSSCs. Hereafter, all the samples
discussed in this manuscript were multi annealed followed by a hydrothermal synthesis process.
Figure 2 Cross sectional FE-SEM image of (a) single annealed, (b) multiple annealed
samples and (c) diameter distribution of nanorods after hydrothermal deposition
Nanorods growth: reaction time dependence
Figure 3 shows the chronological growth of ZnO nanorods in the hydrothermal synthesis
process. The average length of ZnO nanorods were 125, 650, 1050 and 1550 nm after
hydrothermal growth for 4, 8, 12, 16 hours. ZnO nanorods inclined to the substrate were grown
on the self-catalyst generated ZnO film with a linear growth rate of about 115 nm/ hour. This
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shows that the length of nanorods can be controlled by the reaction time of hydrothermal
synthesis.
Figure 3 FE-SEM images of the chronological hydrothermal growth of ZnO nanorods after (a) 4,
(b) 8, (c) 12, (d) 16 hours growth times
Nanorods growth: parameter optimization for future application
ZnO nanorods with long length were preferred to increase the anode surface area for the future
dye absorption in DSSCs. According to the above experiment, the longer ZnO nanorods, can be
obtained easily by increasing the reaction time of hydrothermal synthesis. Figure 4 (a) shows the
top view of ZnO nanorods grown up by 20 hours of hydrothermal reaction time. The inserted
small image showed the characteristic hexagonal shape of ZnO wurtzite structures [21]. Fig 4
(b) and (c) shows that the average length of ZnO nanorods grown up after 20 and 40 hours
reaction time are 2 µm and 3.5 µm respectively.
Figure 4 FE-SEM (a) top view (b) cross sectional images of of 20 hours (c) cross sectional SEM
images of 40 hours hydrothermally grown ZnO nanorods (d) optical transmittance spectra of
different stages of the process (A) ITO glass, (B) As-deposited (C) multi annealed ZnO film, (D)
4 hours (E) 12 hours (F) 20 hours (G) 40 hours hydrothermally grown samples
Fig. 4 (d) shows optical transmittance spectra at different stages of the process. As the
reference, optical transmittance of ITO glass, as-deposited and multi annealed ZnO film were
85 %, 80% and 75% respectively. Optical transmittance were 68%, 40%, 20%, 18% respectively
corresponding to the annealed ZnO film grown in 4, 12, 20, 40 hours hydrothermal synthesis
method. The optical transmittance was decreased with the hydrothermal reaction time due to the
escalated multiple scattering caused by the length increment of the nanorods [22-23]. Comparing
to the as-deposited ZnO film, optical transmittance from ZnO nanorods obtained from 20 hours
hydrothermal growth had four folds decrement. Optical transmittances of our samples were not
as high as preferred transmittance (greater than 75%) for the operation of a DSSC [24]. However,
it is possible to improve the optical transmittance of nanorods grown on transparent conductive
substrates by controlling the density of nanorods [23]. The further optimized experiment is
needed in the future.
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Figure 5 shows the X-ray diffraction (XRD) pattern of ZnO nanorods obtained from 20
hours hydrothermal growth. In the XRD pattern peak around 2θ = 34.4˚ and 36.2˚ are 
corresponding to X-ray diffractions from ZnO wurtzite (002) and (101) planes respectively.
Intensity of X-ray diffraction peak corresponding to (101) plane was higher than that of (002)
which might be due to the due to the inclined orientation of ZnO nanorods (Fig. 4 (b)) in the
sample. These XRD results were well agreed with FE-SEM cross sectional images of ZnO
nanorods (Fig. 3 and Fig. 4 (a), (b)).
Figure 5 X-ray diffraction (XRD) pattern of nanorods grown by 20 hours in hydrothermal
reaction
Growth mechanism
Growth mechanism of ZnO can be explained by chemical reactions given in (1) - (4) [15].
C6H12N4(aq) + 6H2O(l)        →    4 NH3(aq) + 6HCHO(aq) (1)
NH3(aq) + H2O(l)      → NH4+(aq) + OH-(aq) (2)
Zn(NO3)2(aq) + 2NH4+(aq) + 2OH-(aq) → Zn(OH)2(s) + 2NH4NO3(aq) (3)
Zn(OH)2(s) → ZnO(s) + H2O(l) (4)
The hydrolysis of HMTA (C6H12N4) releases ammonia into the system. The reaction of ammonia
and water will increase the concentration of OH-(aq) ions in the solution. This will lead the
production of Zn(OH)2(s) by hydroxylation of Zn2+(aq) ions. ZnO is produced by the dehydration
of Zn(OH)2(s)[17]. It has been reported that the (002) facet of ZnO nanorods are more polar
comparing to the (100) surfaces [25]. Hence, when a ZnO nucleus is newly formed, the incoming
polar precursor molecules have a higher affinity to polar surfaces. Therefore, the growth rate
nanorods, along their own c-axis are higher than that of their a-axis [15, 25]. However, the
alignment of initial nuclei and the surface diffusion of precursors in the chemical solution also
play an important role for the orientation of nanorods [26]. When the (101) plane of ZnO
nanorods was initially grown on (002) axis of ZnO film, ZnO nanorods grow on their own c-axis
directed along the length, inclined to ZnO film [27]. This caused to inclined alignment of ZnO
nanorods.
CONCLUSIONS
ZnO nanorods were grown up by a self-catalyst assisted hydrothermal synthesis method.
Zinc self-catalysts could be generated by reducing annealing of ZnO thin film. Multiple reducing
annealing is one of efficient methods to produce well-aligned self-catalyst nuclei which
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contribute to the well aligned nanorods. The length of the nanorods increased with the
hydrothermal synthesis reaction time.
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